An inflammatory tissue reaction around the electrode array of a cochlear implant (CI) is common, in particular at the electrode insertion region (cochleostomy) where mechanical trauma often occurs. However, the factors determining the amount and causes of fibrous reaction surrounding the stimulating electrode, especially medially near the perimodiolar location, are unclear. Temporal bone (TB) specimens from patients who had undergone cochlear implantation during life with either Advanced Bionics (AB) Clarion ™ or HiRes90K™ (Sylmar, CA, USA) devices that have a half-band and a pre-curved electrode, or Cochlear ™ Nucleus (Sydney, Australia) device that have a full-band and a straight electrode were evaluated. The thickness of the fibrous tissue surrounding the electrode array of both types of CI devices at both the lower (LB) and upper (UB) basal turns of the cochlea was quantified at three locations: the medial, inferior, and superior aspects of the sheath. Fracture of the osseous spiral lamina and/or marked displacement of the basilar membrane were interpreted as evidence of intracochlear trauma. In addition, post-operative word recognition scores, duration of implantation, and post-operative programming data were evaluated.
Introduction
Cochlear implants (CI) have been considered a well-tolerated biocompatible device with a low rate of complications (Issa et al., 1983; Webb et al., 1988; Ray et al., 2004; Venail et al., 2008; Ding et al., 2009; Bennatti et al., 2013) . A chronic local inflammatory reaction, which may result in CI failure, explantation, or reimplantation, has been reported in rare clinical CI cases. The causes for this chronic local inflammation might be a delayed hypersensitivity or a local tissue reaction to the CI electrode array (Bertuleit et al., 1999; Ho et al., 2003; Puri et al., 2005; Kunda et al., 2006; Nadol et al., 2008; Lim et al., 2011; Neilan et al., 2012; Bennatti et al., 2013) . Several temporal bone studies have demonstrated fibrosis and new bone formation adjacent to the electrode track (Nadol and Eddington, 2004; Li et al., 2007; Somdas et al., 2007; Seyyedi and Nadol, 2014; Kamakura and Nadol, 2016) , and have shown that this local inflammatory response is quite common. (Nadol and Eddington, 2004; Seyyedi and Nadol, 2014; Kamakura and Nadol, 2016) . Seyyedi and Nadol (2014) demonstrated evidence of a chronic inflammatory reaction including inflammatory mediator cells, fibrous tissue and new bone formation in twenty-eight specimens (100%), from patients who during life underwent cochlear implantation.
They reported that these inflammatory effects were more severe at the basal turn of cochlea close to the cochleostomy, and suggested that trauma of electrode insertion (at the cochleostomy) and a foreign body response may initiate these inflammatory effects. However, determining factors of the amount and causes of fibrous reaction surrounding the stimulating electrode, especially medially at a perimodiolar location, are unclear. Moreover, the causal relation between fibrous tissue growth or new bone formation and hearing performance is still inconclusive Kamakura and Nadol. 2016) .
We wished to systematically evaluate the pattern of fibrous tissue formation around different types of CI electrodes in an attempt to determine the potential causes of fibrous tissue, including trauma, inflammation, and the possible role of electrical stimulation. This study also examined whether there is a clinical correlation between the thickness of the fibrous tissue and hearing performance or duration of implantation.
Materials and methods

Subjects
Temporal bone specimens were selected from the collection of the Otopathology Laboratory of the Massachusetts Eye and Ear from patients who in life had undergone cochlear implantation. These specimens were categorized by CI device in two groups: (1) Advanced Bionics (AB) Clarion ™ or HiRes90K™ (Sylmar, CA, USA) devices, which have 16 half-band contact electrodes, and a precurved configuration (HiFocus I, HiFocus IJ, HiFocus Helix and HiFocus with positioner) to achieve a more perimodiolar position, and (2) Cochlear ™ Corporation Nucleus (Sydney, Australia) devices, which have 22 full-band contact electrodes with a straight configuration. Demographic and clinical data including sex and age, duration of implantation, cause of deafness, type of CI device and electrode array and post-implantation last-recorded word recognition scores [CNC (Consonant-Nucleus-Consonant Word Test score) or NU6 (Northwestern University Auditory Test No. 6) ] are presented in Table 1 . When available, longitudinal CI impedance data from the manufacturer programming software were evaluated.
Histological methods and 2-D reconstruction of the cochlea
The temporal bone specimens were removed and fixed in 10% buffered formalin solution. The specimens were scanned, using computerized tomography with the intra-cochlear electrodes left in place, and decalcified in ethylene diamine tetra-acetic acid (EDTA). Electrodes were removed from the specimens after decalcification, and the specimens were then embedded in celloidin. The specimens were sectioned at a thickness of 20 mm in an axial plane, and every tenth section was stained with hematoxylin and eosin (H&E), and mounted on a glass slide. Every tenth section was studied using light microscopy for 2-D reconstruction based on the method described by Schuknecht (1953) and Otter et al. (1978) .
Quantification of intra cochlear fibrous sheath
The dense fibrous sheath enveloping the electrode array was studied at two locations of the cochlea: the lower and upper basal turns (LB and UB respectively). The most orthogonal section at each location was selected to avoid bias caused by oblique section angle (Fig. 1A) . Specimens in which a fibrous sheath was not seen at both locations of the cochlea were excluded. A standard light microscope (Olympus BX51) and a camera (Olympus DP71) were used to identify the morphology of dense fibers that formed a sheath or capsule around the electrode, as seen in H & E staining. Image J software (http://rsbweb.nih.gov/ij/) was used to measure the thickness of this dense fibrous sheath at three locations: medial, inferior, and superior to the track of the electrode array, with reference to the plane of the osseous spiral lamina (Fig. 1B) . Lateral measurements were excluded in order to eliminate the possible influence of the juxtaposition of the lateral boney cochlear wall to the forming fibrous capsule. The loose fibrous tissue was not measured since its unorganized fibers spread diffusely in the cochlea, and therefore their quantification, as assessed by 2-D cochlear reconstruction was considered relatively inaccurate. Furthermore, in two TBs (one AB and one Nucleus) the thickness of the medial aspect of the fibrous capsule was measured in sequential H&E stained sections (every 200 mm) along a 2 mm length of the cochlear duct at a location orthogonal to the electrode array ( Fig. 2A and B) . Since the electrode contacts ranged in size from 300 to 400 mm, and the inter-electrode spaces ranged from 350 to 850 mm, the 2 mm length included both areas directly adjacent to the electrode contact as well as adjacent to nonstimulating areas. These measurements were used to determine whether there was a variation of the thickness along the cochlear duct that corresponded to the location of stimulating electrode contacts and thus electric current flow.
Evaluation of intracochlear damage caused by electrode array insertion
Fracture of the osseous spiral lamina and/or marked displacement of the basilar membrane were assessed as markers for intracochlear trauma caused by the electrode.
Furthermore, translocation of the electrode track from the scala tympani to the scala vestibuli was identified and correlated with TB groups (AB vs. Nucleus).
Results
Clinical history
The average age of the subjects was 72 years (range from 56 to 86 years). All were postlingually deafened, and most of them had progressive severe to profound sensorineural hearing loss with unknown etiology. The duration of cochlear implantation ranged from 2 to 24 years with an average of 10 years. There were no cases with re-implantation. The last post-operative word performance score tested by CNC or NU6 word lists was available except in two patients (Case 2L and Case 11L). Word recognition scores ranged from 0% to 74% with an average of 42% (Table 1) .
3.1.1. The post-operative course for all patients was unremarkable except in case 1L and case 11L
In Case 1L, an 82-year-old woman implanted with a AB (Clarion ™ CII) device initially did well as judged by word recognition score, until she had two attacks of severe vertigo, one and two years after implantation. These episodes were considered to be related to the cochlear implantation, and a diagnosis of delayed endolymphatic hydrops was made. The TB finding confirmed the clinical diagnosis and showed endolymphatic hydrops in all cochlear turns. In Case 11L, an 88-year-old man was implanted with a Nucleus 22 device and had minimal benefit by clinical report (word recognition scores were not available). An integrity check of the internal electrode eleven years following implantation indicated that seven electrodes were broken or shorted. Therefore, the defective electrodes were turned off; however, no hearing improvement was noted. Consequently, the device was abandoned with no further stimulation. Both cases showed the presence of a thick fibrous sheath. Fig. 4 shows an example of a TB specimen implanted with an AB device, in which an asymmetric capsule has developed that is thicker on the medial side, abutting the exposed stimulating electrode surface. In Fig. 5 , a TB specimen implanted with a Nucleus device, with circumferential exposure of stimulating electrode contacts, resulted in a more circumferentially distributed fibrous capsule. The measurements of the fibrous capsule surrounding the electrode track for all twelve TB specimens with both CI devices (AB and Nucleus) are shown in Table 2 .
Fibrous capsule around the electrode track
As shown Fig. 3 , in the TB specimens implanted with an AB device, the fibrous sheath at both locations of the cochlea (LB, UB) was significantly thicker medially as compared to the thickness at superior or inferior locations (paired t-test, p < 0.01). In specimens implanted with Nucleus devices, the fibrous sheath showed a relatively symmetric thickness and there was no statistical difference between the medial, superior, and inferior measurements, (paired t-test, p > 0.05). Overall, the thickness of the medial fibrous capsule in specimens that received an AB device was significantly greater than the thickness of medial fibrous capsule in specimens that received Nucleus devices (paired t-test, p ¼ 0.004).
However, both the superior and inferior capsule thickness were not significantly different between TBs that received AB devices and TBs that received Nucleus devices (paired t-test, p > 0.05).
As a separate analysis, the thickness of the fibrous capsule at medial aspect was measured in sequential orthogonal stained sections over a 2 mm length ( Fig. 2A and B ) in two TBs with a welldefined fibrous sheath (Case 5R, AB and Case 10 L, Nucleus device).
The difference in medial capsule thickness from one section to another consecutive section was not significantly different in both specimens along 2 mm of the cochlear duct (Fig. 6 ), (Wilcoxon signed-rank test, p > 0.05).
Intracochlear damage
The incidence of fracture of the osseous spiral lamina and/or marked displacement of the basilar membrane, which was interpreted as indicative of intracochlear damage, was significantly higher among the specimens implanted with AB devices (9 out of 14 specimens (64%) at both locations, LB and UB, (Fig. 7A and B) , than the specimens implanted with Nucleus devices (2 out of 10 (20%), LB and UB), (Fig. 7C and D) , (Fisher exact test, p < 0.05). However, as shown in Table 2 , the incidence of transposition of the electrode into the scala vestibuli (as another indicator for potential intracochlear damage) was not significantly different between the AB and the Nucleus devices (Fisher exact-test, p > 0.05).
Electrode impedance level and fibrous sheath
Post-operative electrode impedance data were available in three patients:
1. Impedances for Case 4R (94-year-old woman implanted with AB device) were within normal ranges (0e30 kOhm) and were stable over time ranging from 3.5 kOhm to 11.4 kOhm. 2. Electrode impedance data for Case 5R (89-year-old man implanted with AB device) was extracted from the programming software and plotted for each electrode as a function of the number of days following activation.
Impedances were within normal levels ranging from 6.4 kOhm to 9 kOhm, but data was available only for 30 post-activation days.
3. Electrode impedance data for Case 1L (82-year-old woman implanted with AB device) was plotted for each electrode for over 2500 days (approximately seven years) following activation. Impedance levels were within normal levels, but were relatively large for electrodes 15 and 16. As shown in Fig. 8A , electrode 15 had a persistent fluctuant pattern, and its longitudinal impedance level was higher than the longitudinal impedance level of the other electrodes. Thus the impedance of electrode fifteen was higher compared to electrode seven (p < 0.001, paired t-test). The postmortem temporal X-ray (Fig. 8B ) helped us to identify this fifteenth electrode and assess its approximate track location in histological section (with H&E staining). A post-mortem computed tomography scan confirmed all electrodes, including the most proximal electrodes #15 and #16 were intra-cochlear. There was pronounced fibrous tissue development and new bone formation ( Fig. 8C and D) surrounding its approximate track location, which was seen in the hook region of the cochlea.
Correlation of clinical data and thickness of fibrous sheath
There was no significant correlation between the thickness of fibrous tissue and the number of years implanted (Spearman's rho, p ¼ 0.06) or the word recognition score (Spearman's rho, p ¼ 0.4) at both locations in the cochlea (Table 1) .
Furthermore, the mode of insertion of the electrode, via either cochleostomy or the round window, was not correlated with the thickness of the fibrous tissue (Pearson correlation coefficient, p ¼ 0.76, R2-the coefficient of determination ¼ 0.0104).
Discussion
We hypothesized that electrical stimulation of the CI electrode array results in a thickened fibrous capsule, in addition to welldescribed causes of fibrosis, such as inflammation and trauma. This study was designed to evaluate whether patterns of fibrous capsule development were correlated with the design of the electrode array, by comparing cochlear histopathology from implanted patients who received two fundamentally different types of electrodes (partially banded, pre-curved or peri-modiolar arrays vs. full-banded straight/lateral wall arrays). From a clinical standpoint, we also wished to determine if the thickness of the fibrous sheath was related to the duration of implantation or to cochlear implant performance. Our findings showed a thickened fibrous capsule at the medial aspect of the electrode array in individuals implanted with a partial banded perimodiolar AB device, which results in an asymmetric fibrous capsule. Individuals implanted with a Nucleus full-banded straight array device did not develop this asymmetric pattern. In contrast, there was a more symmetrical distribution of fibrous tissue surrounding the electrode track.
Electrode array design and development of the fibrous sheath
Nucleus and AB electrode arrays have different designs, which may in part explain differences in the thickness of the fibrous sheath.
First, the fact that the pre-curved configuration of the Hi Focus electrode arrays of AB devices had been designed to facilitate close proximity of the electrodes to the modiolus may contribute to more medial development of fibrous sheath, as compared to the straight configuration electrodes of the Nucleus devices.
Second, the mode of electric stimulation is different. The HiFocus electrode array of the AB device has 16 half-banded electrodes, which have been designed to contact the medial side of the cochlea toward the modiolus and to stimulate the spiral ganglion cells (Skinner et al., 2007) . This focused medial electric stimulation may lead to a thicker fibrous sheath medially (Fig. 4) . On the other hand, the electrode array of the Cochlear ™ Nucleus 22/24 device has 22 electrodes, which are banded in a circular fashion. As such, the electric current spreads centrifugally (Clark et al., 1983; Van Wermeskerken et al., 2006) . Therefore, it is possible that this "centrifugal" electric stimulation led to a relatively even distribution of fibrous tissue around the electrode array (Fig. 5) .
Change in electrode impedance levels and growth of fibrous tissue
Electrode impedance reflects all the resistance in the pathway between the stimulating (active) intracochlear electrode and the extra cochlear reference (ground) electrode (which is placed in the temporalis muscle) in monopolar stimulation; in bipolar stimulation, impedance reflects resistance in the pathway between the stimulating intracochlear electrode and another intracochlear electrode (Zhu et al., 2012) . It would be expected that fibrous tissue and/or bone, which have more resistance than the pericochlear fluid (Peterson et al., 1978; Geddes and Baker, 1967; Grill and Mortimer, 1994) , might contribute to an increased impedance level. Several studies have shown this correlation between high impedance electrode level and dense fibrous tissue around the electrode array (Clark et al., 1995; Ni et al., 1992; Tykocinsky et al., 2005; Shepherd et al., 1994) . Persistent fluctuation of the electrode impedance level within the normal range may also be attributed to fibrous tissue (Wolfe and Schafer, 2014a,b) , as demonstrated in the current study in Case 1L (Table 1) . This woman was implanted with AB device and had longitudinal impedance data over 2500 postactivation days (approximately seven years). The data demonstrated normal impedance levels for all electrodes except electrode 15 and 16, which were significantly higher (upper range of normal limits) and fluctuated more than at the other electrodes (Fig. 8 B) . As shown in the TB specimen ( Fig. 8C and D) there was a thick fibrous sheath and new bone adjacent to the location of electrode 15. A high impedance level might also occur if an electrode is not functioning (e.g. open circuit) due to an electrical fault within the implant itself. In this case, the data suggests that electrode 15 and electrode 16 were functioning at least for the first 245 postactivation days. Given the minimal amount of evidence with longitudinal impedance data, it is difficult to determine the true Fig. 7 . Intracochlear damage and fibrous capsule thickness. An asymmetric fibrous tissue thickness in Case 2L (Low (A) and high (B) magnification view at lower basal turn of the cochlea), which was implanted with an AB perimodiolar electrode resulted in fracture of the osseous spiral lamina (arrow in Figure B ) and marked displacement of the basilar membrane. A symmetric fibrous tissue thickness in Case 10L (Low (C) and high (D) magnification view at lower basal turn of the cochlea), which was implanted with a Nucleus 22 straight electrode and resulted in marked displacement of the basilar membrane (}), but with an intact osseous spiral lamina (arrow). Large arrow marks basal turn of cochlea; asterisk (*) indicates the electrode track; S, superior; M, medial; I, inferior: represent the thickness of fibrous tissue in each point; SV, scala vestibuli; ST, scala tympani; IAC, internal acoustic canal. association between the impedance level (over time) and the development of fibrous tissue. In addition, the medial thickness of the fibrous sheath, as evaluated in one TB implanted with a HiFocus half-band electrode TB (Case 5R) and one with a Nucleus full-band electrode (Case 10L), did not vary along a 2 mm length of cochlear duct, in which there would have been electrode contacts and interelectrode spaces (Fig. 6 ). This finding may imply that there is significant electric current spread between electrodes or that the biologic response that leads to fibrous capsule deposition may extend beyond just the immediately stimulated area. Electrode longitudinal impedance level data (which is missing in these cases) in these consecutive measurements may provide a more complete picture of the relationship between the current density spread and the thickness of fibrous tissue.
Association between intracochlear insertion and chronic inflammatory reaction
A chronic inflammatory reaction manifested by fibrous tissue growth may, also be attributed to cochlear electrode insertion. Although the CI is generally considered clinically well tolerated and biocompatible (Issa et al., 1983; Webb et al., 1988; Ray et al., 2004; Venail et al., 2008; Ding et al., 2009) , rare cases (0.55% in a metaanalysis series of 7132 cochlear implant recipients) showed severe local inflammation, which resulted in device failure and in some cases explantation, as reported by Bennatti et al. (2013) . It is hypothesized that this local inflammation has caused fibrous tissue formation (Anderson et al., 2008; Kumar et al., 2010; Rubin et al., 2011; Franz et al., 2011) . Recent temporal bone studies (Nadol and Eddington, 2004; Seyyedi and Nadol, 2014; Kamakura and Nadol, 2016) have found that evidence of chronic inflammatory reaction including fibrous tissue formation was not limited to failed clinical cases (Bennatti et al., 2013) . Kamakura and Nadol (2016) demonstrated fibrous tissue formation within the cochlea of all seventeen specimens that received a CI. It has been postulated that both insertion trauma and host tissue reaction to the electrode arrays (electrodes and silicone housing) are responsible for this chronic inflammatory response (Kopelovich et al., 2015; Li et al., 2007; Somdas et al., 2007; Fayad et al., 2009; Seyyedi and Nadol, 2014) . reported significant fibrous tissue and new bone formation at the lateral cochlear wall, and Seyyedi and Nadol (2014) found a pronounced inflammatory response near the cochleostomy. The current study confirms the above findings, and demonstrated fibrous tissue development, particularly surrounding the electrode, is quite common in specimens that received either type of electrode. The common finding of intracochlear fibrous tissue around either electrode with and without mechanical trauma effect, indicate that both inflammation and electrical stimulation may also contribute to the thickness of the fibrous tissue. 
Correlation between intracochlear trauma and fibrous tissue growth
The incidence of intracochlear damage including trauma to the basilar membrane and/or the osseous spiral lamina was higher in the AB electrodes than in the Nucleus electrodes. The current study group included one TB with a positioner, in which have previously found associated with an increased intracochlear trauma (Richter et al., 2002) . A larger diameter of electrode array of the AB device (range: 0.6e1.1 mm in the HiFocus helix electrode and 0.6e0.8 mm in HiFocus 1J electrode), (Wackym and Runge-Samuelson, 2009) , as compared to the diameter of the electrode array of the Nucleus device (range: 0.4e0.6 mm in the banded electrode), (Cochlear™ Nucleus, 2012) , may explain the greater degree of intracochlear damage in the current study. The AB device has a perimodiolar electrode (pre-curved shape), which is designed to decrease the distance between electrode and spiral ganglion cells (Merzenich and Reid, 1974) . The electrode array consists of sixteen rectangular electrodes, which may cause damage to the osseous spiral lamina and the basal membrane. This damage may result in a thickened fibrous tissue. The Nucleus 22/24 device has, on the other hand, a straight electrode array, which is placed away from the modiolus, and consists of twenty-two smooth and circular thin electrodes. Given the likelihood of osseous spiral lamina fracture and/or marked displacement of the basilar membrane in specimens that received AB electrode devices it is reasonable to presume that this significant trauma may be another important contributing factor to the development of thickened fibrous tissue surrounding the electrode, especially medially. However, specimens implanted with AB devices, in which there was no intracochlear damage (for e.g. case 5R, Fig. 4 ) also demonstrate an asymmetric fibrous sheath, and interestingly, the specimens implanted with Nucleus devices with intracochlear trauma (e.g. case 10L, Fig. 7 ) demonstrate symmetric growth of fibrous tissue. Furthermore, translocation of the electrode into the scala vestibuli was not more common in AB cases and was not correlated with the thickness of the fibrous sheath (Fisher exact test, p > 0.05, Simple linear regression test, p ¼ 0.3). This may imply another contributing factor, such as the distribution of current density, as causative of the asymmetry of the fibrous capsule. Kamakura and Nadol (2016) assessed the cochlear damage based on fibrous tissue growth and new bone formation including at the lateral cochlear wall, osseous spiral lamina fracture, and basilar membrane injury. They did not find a positive correlation between fibrous tissue growth and intracochlear damage.
The current study assessed the fibrous tissue development around the electrode, especially medial (perimodiolar), where the electric stimulation does occur and not at the lateral cochlear wall, where the fibrous tissue is inconsistently developed perhaps because of abutment to the lateral cochlear wall. We found, however, a positive association between cochlear damage (manifested by osseous spiral lamina fracture and/or marked displacement of the basilar membrane) and fibrous tissue growth specifically around the electrode array. The results of the current study which failed to show significant correlation between the fibrous capsule and duration of implantation (Spearman rho, p ¼ 0.06) provides additional data supporting previous reports Fayad et al., 2009; Kamakura and Nadol, 2016) .
We did not evaluate the new bone formation given its patchy development and the relative inaccuracy as assessed by 2-D cochlear reconstruction as compared to 3-D reconstruction (Kamakura and Nadol, 2016; Seyyedi and Nadol, 2014) . Furthermore, the loose fibrous tissue was not taken into consideration. These loose fibers were distributed in an unorganized and diffuse fashion, and therefore its measurement, as assessed by 2-D cochlear reconstruction, would be relatively inaccurate.
Correlation between CI performance assessed by word recognition and thickness of fibrous tissue
Word recognition score (either CNC or NU6) was not correlated with thickness of the fibrous tissue capsule, either in the AB device or in the Nucleus device at both locations of the cochlea (Spearman rho, p ¼ 0.4). These results support the findings of Li et al. (2007) , and Kamakura and , however, did report a positive correlation between new bone formation and word recognition score. Lack of significant correlation between fibrous tissue thickness and word recognition scores may be due to either that fibrous encapsulation of the electrode is not an important determinant factor, or that given the small sample size, there is insufficient data to demonstrate a significant effect. Although fibrous tissue thickness does not correlate with CI performance, fibrosis within the cochlea may play a role in loss of residual acoustic hearing with cochlear implantation (Quesnel et al., 2016; Bas et al., 2016) . Therefore, understanding the etiology of fibrous capsule development may influence electrode array design as the indications for cochlear implantation expand to include those with more residual hearing.
Conclusion
A thicker fibrous sheath was found on the medial side of implanted AB electrode arrays. This finding cannot be fully explained by a single cause. Possible causes include a higher incidence of insertion trauma and/or asymmetric current flow. Fibrous tissue formation was not significantly correlated either with word recognition scores or with duration of implantation of both (Advanced Bionics, Cochlear Corp) electrode arrays.
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